tion (4) . A more accurate description of the renal tubular defect in cystinuria would be provided by the measurement of renal clearances of cystine, lysine, arginine, and ornithine in specimens of plasma and urine from the same clearance period, by a single accurate sensitive technique that would permit measurement of the amino acids at their endogenous concentrations. The present study emphasizes column chromatography on ion-exchange resins with the use of the automatic recording apparatus of Spackman, Stein and Moore (13) to relate amino acid clearances to the inulin clearance. Unexpected data were obtained in one patient and these are discussed in detail.
METHODS
Patients. Four patients with classical cystinuria were studied. None of these patients had a family history of cystinuria, and no increased amino acid excretion was founa in those relatives whose urine was examined by paper or column chromatography, or both. Because large amounts of amino acids were excreted by these patients, it seems probable that they are homozygous for the cystinuric trait. All had experienced renal calculi in the past, and all had had stones removed operatively.
All patients were studied on a metabolic ward in the New York Hospital. At the time of the study the patients had no clinical or roentgenological evidence of calculi and none had urinary tract infection as determined by examination of the urinary sediment and culture for bacteria. All patients, except F.C., had been maintained for several months on a diet calculated to contain a restricted amount of methionine per day. The patients were on a constant low methionine diet in the hospital for 3 days prior to the clearance study. Alkali had been administered in the past, but was discontinued for 3 days prior to the study. Fluid intake varied with the conditions of the study. In those patients in whom the clearance study was begun with a low urine flow, fluid intake was restricted after 9 p.m. on the evening before the study. Clinical data are summarized in Table I .
Clearance procedures. Clearances of inulin and amino acids were performed in the fasting state. Adequate urine collections were assured by the use of a multi-hole indwelling catheter and air washout. In addition, urine flow was augmented by administering an oral water load. In some studies urine flow was increased in a stepwise fashion in order to examine the effects of urine flow on the amino acid clearances. In other studies a high rate of urine flow was sustained throughout the urine collection periods. After a priming dose, inulin in isotonic saline was administered into an antecubital vein with a constant infusion pump. Blood specimens were obtained at the midpoint of the urine collection periods.
To avoid stasis and hemolysis, 50-ml aliquots of blood were drawn through a 16 gauge indwelling needle into a siliconized syringe. It has been established in our laboratory that plasma amino acid concentrations in patients with cystinuria are identical in brachial arterial and antecubital venous blood specimens. Therefore, the concentration of amino acids in antecubital venous blood can be taken to be equal to that of the renal arterial blood. Inulin concentrations in plasma and urine were measured in triplicate by the method of Schreiner (14) .
Preparation of blood specimens. Blood was expressed from the siliconized syringe into a siliconized Erlenmeyer flask containing 0.1 mg of dried sodium heparin per 10 ml of blood. The plasma was immediately separated by centrifugation, 15 or 20 ml of plasma was pipetted off, and the plasma proteins were precipitated with 1 per cent picric acid (15) . The picric acid was removed by the method of Stein and Moore (16) . The method was modified for larger aliquots of plasma by increasing the amounts of plasma and picric acid proportionately. The final volume, after evaporation, was maintained at 10 ml of buffered filtrate for analysis so that the peaks of the amino acids in question would be more prominent, thus facilitating measurement. Preparation of plasma in this way results in oxidation of cysteine to cystine and the subsequent chromatographic determination of both as cystine (16, 17) . Because plasma contains both the -S-S-and -SH forms (17) , and because of the unusual data obtained by the oxidation method in one case, blood and urine in one study were prepared for analysis for cystine and cysteine by the method of Brigham, Stein and Moore (17) . In this method the whole blood is added to a volumetric flask containing ethylenediamine tetraacetate (EDTA) and buffered iodoacetate. The latter combines with cysteine to form S-carboxymethyl cysteine which is determined on the same resin column as cystine. Preparation of urine specimens. Immediately after collection and measurement, an 8.0 ml aliquot was pipetted into a 10 ml volumetric flask and the pH was reduced to 3 with a few drops of 2 N HCl (a capillary glass stirring rod was used to apply a minute amount of the solution to pH-sensitive paper), and the specimen was brought up to volume with pH 2.2, 0.2 N sodium citrate buffer. In the study in which blood specimens were prepared by both the oxidizing and iodoacetate methods, urine specimens were similarly treated with iodoacetate. Urine and plasma specimens thus processed were stored at -240 C.
Amino acid analysis. The automatic recording ionexchange column chromatographic apparatus of Spackman and associates was used (13 (18) . One-ml fractions were collected, and those corresponding to the recorded peaks for cystine, ornithine, lysine, and arginine were pooled and desalted (19) . Two-dimensional paper chromatography with butanol: pyridine: H2O (1: 1: 1) vs phenol: NH3: H2O (160: 0.5: 40) revealed single spots that were identical in position to standards (20) . Peaks characteristic of pure compounds only were encountered in the present study. Calculations. It has been assumed in these studies that the plasma amino acids are filtered at the renal glomerulus. The validity of this assumption is based on the 100 per cent recovery of amino acids (except tryptophan) from plasma and the free ultrafiltration of plasma amino acids through cellophane membranes (21, 22) . Thus, the concentration of amino acids in the glomerular filtrate was assumed to be the same as the concentration in plasma water. The filtered load was taken to be the product of the plasma concentration and the inulin clearance. The amount of amino acids excreted was obtained by multiplying the urinary concentration times the urine flow. The per cent reabsorbed was calculated by dividing the difference between the filtered load and the amount excreted by the filtered load.
RESULTS
Plasma concentrations. Multiple blood specimens were collected from the patients, and the concentrations of the amino acids did not vary significantly throughout the period of the study. In Table II the venous plasma amino acid concentrations from these four patients are presented.
Per cent reabsorbed. The per cent of each amino acid reabsorbed was calculated at each flow rate for each patient and in one control subject at two rates of flow. These data are summarized in Tables III and IV . In some instances data for the complete spectrum of amino acids could not be calculated because peaks of sufficient magnitude for accurate calculation were not obtained.
The data fail to indicate any clear relationship between the urinary excretion of cystine, ornithine, lysine, and arginine, and the rate of urine flow. The figures for the first clearance period on Patient J.L. may be misleading because of the apparently low inulin clearance during this period. In this patient there was not much change in renal tubular reabsorption over the flow rate 1.4 to 12.0 ml per minute. In the last period, a flow rate of 17.5 ml per minute was achieved after the administration of meralluride following aminophylline. (Table IV) , which indicated tubular secretion of cystine. It was of great interest that there also appeared to be a tubular defect to reabsorption of glycine not seen in the other patients, and this was nearly identical in the second study. In the second study on M.F. (Table IV) , the iodoacetate method was used for determination of cysteine and cystine as well as the method for oxidation and determination of both as cystine, as had been done previously. No cysteine was found in the urine, and very little in the plasma. There was a small peak for S-carboxymethylcysteine in the plasma, and calculation for cystine was slightly lower than the paired specimen prepared by oxidation (Table II) . DISCUSSION Increased excretion of cystine, lysine, arginine, and ornithine as a result of reduced renal tubular reabsorption of these amino acids has been amply demonstrated in patients with cystinuria (2-11). It has been theorized that there is an enzymatic defect in cystinuria which results in a reduced renal tubular reabsorption of the diamino amino acids (11) . There is considerable evidence that these amino acids share a common transport mechanism. Robsen and Rose (10) and Doolan, Harper, Hutchin and Alpen (7) have shown that intravenous infusion of lysine into normal subjects resulted in increased excretion of cystine and of arginine and ornithine.
In considering the renal "clearance" of cystine, several factors must be kept in mind: 1) Although both cystine and cysteine apparently exist free in the plasma, cystine with only a trace of cysteine is found in the urine (17) . We infused L-cysteine into normal dogs during water diuresis. This resulted in elevation of plasma cysteine and, to a lesser extent, of cystine. However urinary cystine concentrations under this circumstance may be so high as to cause precipitation of cystine crystals.
[Precipitation of cystine crystals during infusion of cysteine was also noted by Webber, Brown and Pitts (22) .] The amount of cystine found, even when collected under oil and directly into iodoacetate, could not have been transferred directly from plasma by filtration, tubular secretion, or both. Therefore, this type of experiment also suggests an oxidation of the -SH to the -S-Sform somewhere in the nephron or urinary tract. Some other mechanism may be possible, of course, since such an oxidation has not been proven. However, an oxidation reaction seems most likely on the basis of currently available data. The low plasma values for both cysteine and cystine in cystinuria are compatible with this concept. 2) Neither the intratubular concentrations of the reduced and oxidized form nor the details of transport across the tubular cell are known. Hence, it is necessary to consider cystine and cysteine together.
3) The occurrence of the mixed disulfide of L-cysteine and L-homocysteine in the urine of patients with cystinuria has been established in this laboratory (12) .1 Significant amounts of this compound have been found in the urine, although its origin has not been determined. It is not known whether previous investigators measured this compound as cystine or not at all. It has been found in our laboratory that the compound is unstable in alkaline solutions, particularly under conditions that favor oxidation, and appears to break down to yield cystine and homocystine, apparently through disulfide interchange. Dent, Senior and Walshe noted that column chromatography gave consistently lower values than did polarographic determinations for cystine on the same specimens of urine (9) . It is possible that some plasma cysteine enters into the formation of the mixed disulfide, and this may further complicate the issue. In spite of the difficulty imposed by the problem of cystine measurement and consideration of a "cystine clearance," certain statements can be made. Plasma amino acid concentrations. The finding of low plasma concentrations of cystine, ornithine, lysine, and arginine confirms the reports of others (5) (6) (7) (8) . Also, in one patient (M.F.) the low concentration of cysteine, noted by Brigham, Stein and Moore (17) , is confirmed. The somewhat low plasma glycine in Patient M.F. is of interest in regard to the elevated clearance (decreased reabsorption) of this amino acid (see below). The plasma cystine of Patient M.F. is the lowest of the four patients, and must be considered in relation to the apparent high clearance of cystine in this patient. A similarly low value of 0.30 ml per 100 ml was found in one other patient, not included in this study, whose urine to plasma concentration ratios were considered meaningless because he was passing cystine gravel.
There are other occasional values in the plasma of these patients that are beyond the normal range. This "normal range" is taken from the data of Stein and Moore with five subjects and the data of Brigham and co-workers on five subjects (cysteine, cystine, and cysteine plus cystine only in one of these last five) (16, 17) . It has been our experience that plasma specimens frequently show deviation beyond this "normal range." Taurine levels in plasma from "normal" subjects in our laboratory have ranged from 0.45 to 3.47 ml per 100 ml. (Plasma taurine concentrations in various disease states have varied inconsistently in our laboratory.) There is some precedent for this finding in the literature-Brigham and associates reported plasma taurine levels of 0.67 and 1.50 mg per 100 ml in two patients with Fanconi syndrome (17) . The four patients with cystinuria, who form the basis for the present paper, all had plasma taurine levels higher than the "normal range." Arrow and Westall, who used ion-exchange chromatography, listed a plasma taurine concentration range of 0.4 to 1.87 mg per 100 ml, but the data are grouped under "other amino acids" and it is not possible to distinguish plasmas from patients with cystinuria from normal plasmas (8) . The significance of the plasma taurine levels found in the present study is unknown.
Some of the other plasma amino acid levels appear to be outside the "normal range." Patients M.F., J.L., and I.H. tend to have occasionally low values. These patients had been maintained for several months on a low methionine, and therefore, a low protein diet. It seems possible that this accounts for the low concentrations.
However, detailed study of the long-term effects of a low protein diet on individual plasma free amino acid concentrations has not been published.
Amino acids reabsorbed. In the normal subject, there was 97 to 100 per cent reabsorption of most amino acids. The data in Tables III and   IV clearly indicate that in cystinuria there is considerably less reabsorption of cystine, ornithine, lysine, and arginine. These observations, in general, confirm the observations of previous investi-gators (7-1 1) . In the two patients in whom urinary flow was gradually increased, there was no consistent change in renal tubular reabsorption of these amino acids. In one patient reabsorption of amino acids tended to increase with flow; in another patient, reabsorption tended to decrease with increasing flow. It is difficult to predict the effect of the organic mercurial on cystinuria in view of its known ability to bind sulfhydryl groups. However, the trend toward increased reabsorption with increased flow continued.
Amino acid-inulin clearance ratios. Patient M.F. was clearly unique in that the clearance ratio of cystine to inulin (Table V) was consistently greater than 1.0, indicating addition of this amino acid to that filtered at the glomeruli. An obvious cause for this type of result would be calculus dissolution. However, this patient was scrutinized very carefully by repeated urinalyses and by intravenous pyelography, and no evidence for calculi was found. Furthermore, this patient had a high clearance ratio for arginine, which was 1.3 on the first study and 1.0 on the second. Her clearance ratios for ornithine and lysine were always high, although not consistently higher than those of some of the other patients. In addition, the persistent reabsorptive defect to glycine would tend to confirm the fact that the manifestations of the disease were somewhat different in this patient. When the method of Brigham and co-workers (17) was used to bind plasma cysteine in the second study, the clearance ratio was 2.0 for cystine alone, and 1.6 when plasma cystine and cysteine were determined as cystine. The complete data for the second inulin-amino acid clearance study for this patient are presented in Table IV . This patient had good renal function as determined by phenolsulfonthalein excretion, urea clearance, and inulin clearance. Studies of concentrating ability were not attempted because of the danger of calculus formation. However, it is conceivable that repeated attacks of renal colic, usually due to ureteral calculi and possibly accompanied by infection, and operative removal of calculi on three occasions in the past had aggravated the inability to reabsorb amino acids properly. The selection of glycine alone, however, in addition to the 4 diamino amino acids makes this a somewhat unlikely explanation. Equally unlikely is the possibility that she has two disorders, a defect to glycine reabsorption accompanied by tubular secretion of cystine, in addition to the classical cystinuria.
Webber and associates noted that infusion of lysine, arginine, ornithine, cysteine, and histidine into normal dogs resulted in a decrease in the reabsorption of glycine of the same order noted in Patient M.F. (22) . This suggests that the glycine abnormality may be related to the amino acid transport defect of cystinuria in some manner, or that it is secondary to the high renal tubular luminal or renal tubular cell concentrations of the basic amino acids.
Webber and colleagues also noted apparent amino acid secretion on occasion in their experiments, and considered possible mechanisms of this phenomenon (22) . One of these would be that there is normally bidirectional movement of amino acids across the tubular cell. Secretion might be detected if reabsorption were defective. Another possibility proposed by these authors is that there might be a linked exchange of the "highly concentrated amino acid in the tubular fluid for another amino acid within the cells" (22) .
Still another possibility, at least in the case of cystine, is that the substance might be formed in part in the tubular cells. Thus, the amino-aciduria might be a reflection of a metabolic abnormality within the renal tubular cell quite apart from the transport defect. This is suggested by the fact that plasma cysteine is apparently excreted as cystine, and also by our finding of the disulfide of cysteine and homocysteine in the urine of patients with cystinuria.
The origin of this amino acid, which to date has been found only in the urine of patients with cystinuria, is not presently known. It seems unlikely that it is formed simply because of the high concentrations of cystine (and perhaps cysteine) in the tubular fluid. When cysteine was infused into a normal dog, large amounts of cysteine and cystine appeared in the urine. However, the mixed disulfide was not present. Whether the mixed disulfide is formed outside of the kidney cannot be definitely stated. Although it has not been identified in the plasma of patients with cystinuria, it may be present in quantities not detectable by current methods. Thus, it is possible that the urinary cystine in cystinuria is in part secondary to some metabolic defect within the renal tubular PRIMPTER, 14ORWI1II, PURTH, FELLOWS AND THIOMPSON cell, and the high excretions of the basic amino acids may be directly related in some unknown way. However, the augmented excretion of these basic amino acids may be secondary to the large luminal concentrations of cystine.
SUMMARY AND CONCLUSIONS 1. Simultaneous inulin and endogenous amino acid renal clearances were studied in four patients with classical cystinuria. Although the reabsorption of basic amino acids was abnormal in all, there was considerable variability between patients in the fraction of filtered cystine, arginine, lysine, and ornithine reabsorbed. In general, the reabsorptive defect was greatest for cystine, somewhat less for lysine and arginine, and least for ornithine. In this respect, the results were similar to the reports of previous workers.
2. Increasing urine flow during the inulin clearance in two patients had an inconstant effect of relatively small magnitude.
3. In one patient, apparent tubular secretion of cystine was seen on repeated examinations, as well as possible tubular secretion of arginine. This patient also had a renal tubular reabsorptive defect for glycine. The data are interpreted as suggesting that cystinuria may represent a complex metabolic abnormality of the renal tubule, rather than a simple block of tubular reabsorption.
